We report oxygen, calcium, titanium and 26 Mg isotope systematics for spinel-hibonite inclusions (SHIBs), a class of calcium-aluminum-rich inclusions (CAI) common in CM chondrites. In contrast to previous studies, our analyses of 33 SHIBs and four SHIB-related objects obtained with high spatial resolution demonstrate that these CAIs have a uniform O-rich gaseous reservoir existed in the nebula until at least $0.7 Ma after the formation of the majority of CAIs.
D 17 O value of approximately À23‰, similar to many other mineralogically pristine CAIs from unmetamorphosed chondrites (e.g., CR, CV, and Acfer 094). Five SHIBs studied for calcium and titanium isotopes have no resolvable anomalies beyond 3r uncertainties. This suggests that nucleosynthetic anomalies in the refractory elements had been significantly diluted in the environment where SHIBs with uniform D 17 O formed. We established internal 26 Mg isochrons for eight SHIBs and found that seven of these formed with uniformly high levels of 26 Al (a multi-CAI mineral isochron yields an initial 26 Al/ 27 Al ratio of $4.8 Â 10
À5
), but one SHIB has a smaller initial 26 Al/ 27 Al of $ 2.5 Â 10
, indicating variation in 26 Al/ 27 Al ratios when SHIBs formed. The uniform calcium, titanium and oxygen isotopic characteristics found in SHIBs with both high and low initial 26 Al/ 27 Al ratios allow for two interpretations.
(1) If subcanonical initial 26 Al/ 27 Al ratios in SHIBs are due to early formation, as suggested by Liu et al. (2012) , our data would indicate that the CAI formation region had achieved a high degree of isotopic homogeneity in oxygen and refractory elements before a homogeneous distribution of 26 Al was achieved. (2) Alternatively, if subcanonical ratios were the result of 26 Mg system resetting, the clustering of SHIBs at a D 17 O value of $À23‰ would imply that a 16 O-rich gaseous reservoir existed in the nebula until at least $0.7 Ma after the formation of the majority of CAIs. Ó 2016 Elsevier Ltd. All rights reserved.
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INTRODUCTION
Calcium-, aluminum-rich inclusions (CAIs) are the oldest dated objects that formed in the Solar System (Amelin et al., 2002; Connelly et al., 2012) . Preserved within and delivered by primitive meteorites, CAIs provide a wealth of information about processes that occurred in the early Solar System, as well as the nature of the material that the Solar System originated from. For instance, resolvable mass-independent isotopic anomalies of CAIs can be linked to predicted nucleosynthetic signatures of evolved stars (e.g., Trinquier et al., 2009 ). Another example is that many CAIs attest to the presence of short-lived radionuclides (SLRs) like 26 Al in the early Solar System (e.g., Lee et al., 1976) . Most isotopic studies of CAIs have been focused on the sizable examples found in CV chondrites, which promote the view that CAIs formed when 26 Al was at a high and uniform abundance in the solar nebula (canonical level of $5.2 Â 10 À5 ; Jacobsen et al., 2008; MacPherson et al., 2012) . However, with advancements in the analysis of smaller samples, an increasing number of CAIs from other chondrite groups has been studied. They show that many CAIs formed with lower than canonical levels of 26 Al (e.g., depletions of up to $50% of the canonical ratio are common) or even without 26 Al , and references therein). Often, subcanonical levels of 26 Al are interpreted as formation or reprocessing after significant decay of 26 Al (e.g., for CV CAIs with ratios between 5.17 Â 10 À5 and 2.77 Â 10
À5
; MacPherson et al., 2012) . However, compelling arguments have been made that a significant number of CAIs formed earlier than canonical CV CAIs, in spite of showing no evidence for incorporation of live 26 Al or having formed with subcanonical levels of 26 Al (e.g., $(5.2 ± 1.7) Â 10 À8 for HAL; Fahey et al., 1987; Wood, 1998; Sahijpal and Goswami, 1998 ). Among these are the enigmatic FUN (fractionated and unidentified nuclear effects; e.g., Wasserburg et al., 1977) CAIs and the PLACs (platy hibonite crystals; e.g., Ireland, 1990) . The large magnitudes of nucleosynthetic anomalies in these CAIs attest to their formation at an early stage of Solar System evolution, which was characterized by large isotopic heterogeneities. The lack of evidence for the initial presence of 26 Al among these CAIs suggests that this SLR was initially absent in the CAI formation region and was introduced at a later stage, possibly due to a late injection from a nearby star (Wood, 1998; Sahijpal and Goswami, 1998) .
Most studies of PLACs also present data for the spinelhibonite inclusions (SHIBs), likely because both types of CAIs are abundant in CM chondrites, contain hibonite, and are recovered using the same analytical protocols (MacPherson et al., 1980) . In contrast to the 26 Al-free PLACs, SHIBs have variable inferred 26 Al/ 27 Al ratios ranging from zero to supracanonical, which could indicate that they formed while 26 Al was admixed into the Solar System (e.g., Liu et al., 2012) . This interpretation is strengthened by the magnitude of nucleosynthetic anomalies in SHIBs, which are intermediate between the 26 Al-depleted PLACs and regular CAIs with canonical initial abundances of 26 Al (e.g., d 50 Ti ranges of >300‰ in PLACs, mostly within ±10‰ for SHIBs and up to $1‰ in CV CAIs ; Ireland, 1988 Ireland, , 1990 Sahijpal et al., 2000; Liu et al., 2009a; Trinquier et al., 2009) . If true, this would make SHIBs key samples for understanding the processes that governed admixture of 26 Al and dilution of nucleosynthetic anomalies in the early Solar System. However, it remains unclear how the oxygen isotopes of SHIBs and PLACs fit into this picture. Many primitive CAIs have a D 17 O $ À23‰, with minor variations between $À25‰ and À21‰ (e.g., CAIs from Acfer 094, CR chondrites, certain primary phases in CV CAIs and Wark-Lovering rims; Makide et al., 2009; Ushikubo et al., 2011; Bullock et al., 2012; Bodénan et al., 2014) , suggesting they formed in a fairly uniform oxygen isotopic reservoir. In contrast, SHIBs and PLACs have been reported to be more variable in D 17 O, ranging from approximately À28‰ to À15‰ (Liu et al., 2009a) . Analogous to the larger degree of isotopic heterogeneity in calcium and titanium, SHIBs and PLACs appear to indicate that the solar nebula was also initially isotopically heterogeneous in oxygen. After formation of PLACs and SHIBs, this heterogeneity may have been erased by mixing and/or thermal processes, allowing formation of CAIs with largely uniform oxygen isotopic compositions. However, other studies report more variable D
17 O values for CAIs and related materials (e.g., Itoh and Yurimoto, 2003; Park et al., 2012) and interpret the results in favor of coexistence and exchange between 16 O-poor and 16 O-rich reservoirs while CAIs formed. If true, this interpretation could also account for the reported oxygen isotopic variations in SHIBs and PLACs.
An issue with previous studies of SHIBs is that they were usually limited to a single spot analysis per CAI by secondary ion mass spectrometry (SIMS). This is particularly problematic for obtaining accurate initial 26 Al/ 27 Al ratios as well as oxygen isotope data in these samples. For example, 26 Al/ 27 Al ratios are usually inferred from model isochrons constructed from a single spot analysis (commonly referred to as bulk analysis) and an assumed initial magnesium isotopic composition for an intercept (i.e., terrestrial). Possible problems include (1) variations in the initial magnesium isotopic composition, (2) resetting (partial or complete; e.g., Simon and Young, 2011; MacPherson et al., 2012) , and (3) contributions from alteration phases. As studies of PLACs indicate (e.g., Liu et al., 2009a) , the assumption of isotopically uniform magnesium is not trivial for early Solar System materials, particularly if SHIBs formed early (e.g., Liu et al., 2012) . As such, variations in the initial magnesium isotopic compositions translate directly into incorrect values for inferred 26 Al/ 27 Al. Internal disturbance is a relevant complication (Liu et al., 2009b) . If SIMS analyses do not sample internally disturbed SHIBs representatively (not a true bulk), the measured compositions will be offset from the bulk isochron, which leads to erroneous model 26 Al/ 27 Al ratios. Similarly, sampling of alteration phases, which commonly occur in cracks and voids in SHIBs, could also move data off the proper isochron. Finally, contributions from 16 O-poor alteration phases could introduce artificial variation in oxygenisotope measurements of SHIBs.
Here, we report results from a multielement isotopic study of SHIBs in which we emphasized avoiding potential sources of contamination. Our objective is to further evaluate if SHIBs record the admixing of 26 Al into the CAI formation region, and to determine the degree of isotopic homogeneity in the SHIB-forming reservoir. We analyzed the magnesium isotopic composition in both spinel and hibonite grains within individual SHIBs with high-spatialresolution using the WiscSIMS Cameca IMS 1280 , which allowed us to infer initial 26 Al/ 27 Al ratios from internal isochrons while avoiding the problems summarized above. In addition, we reinvestigated the oxygen isotopic systematics in a large number of SHIBs with the WiscSIMS instrument, with a spatial resolution that allowed us to avoid sampling of alteration phases. Finally, we obtained calcium and titanium isotopic data for a subset of the SHIBs using the Cameca IMS 1280 at the University of Hawai'i, in order to investigate relationships between the abundance of 26 Al and the magnitude of nucleosynthetic anomalies.
METHODS

Sample recovery and selection
SHIBs were separated from the Murchison CM2 chondrite along with other hibonite-rich CAIs (e.g., PLACs described in Kö ö p et al., 2014a Kö ö p et al., , 2015 . Part of the sample set was picked from an existing Murchison HF-HCl acid residue (Amari et al., 1994) ; other samples were recovered from the dense fraction of a freshly disaggregated Murchison rock fragment (not acid-treated, approximately 92 g from Field Museum specimen ME 2644). All CAIs investigated were mounted on conductive tape for preliminary classification by scanning electron microscopy (SEM). Almost all samples studied here contain spinel and hibonite; exceptions are three xenomorphic hibonite grains that are likely fragments of SHIBs (see Section 3.1). Samples were selected to include both the most abundant types of SHIBs as well as spinel-hibonite-rich CAIs with unusual morphology or mineralogy (including a melilitebearing spinel-hibonite inclusion), and all SHIBs deemed suitable for the 26 Mg and calcium-titanium isotope study.
Sample preparation
After initial characterization, the samples were removed from the conductive tape and cleaned with high purity isopropanol (Fisher Optima TM grade). After drying, they were mounted in the center of one-inch epoxy disks together with terrestrial mineral standards. A total of 19 epoxy mounts were prepared, which contain between one and 14 CAIs each. The samples presented here are located in 10 different mounts. The mounts were polished using a combination of lapping films and polishing pads to prepare sufficiently flat surfaces to avoid problems with instrumental mass fractionation due to sample topography (Kita et al., 2009 ). For nine randomly selected mounts, we checked the polishing relief with a Zygo profilometer at the University of Wisconsin, which showed that height differences between grains and epoxy were 62 lm, and the typical profile over a one-inch disk surface was 610 lm. The polished mounts were carbon-coated for elemental and isotopic analyses.
Electron microscopy
The CAIs were characterized with a Zeiss EVO 60 SEM at the Field Museum, a JEOL JSM-5800LV SEM, and a TESCAN LYRA3 SEM/FIB at the University of Chicago, all equipped with Oxford Instruments energy dispersive spectroscopy (EDS) systems. The samples were analyzed by EDS and imaged in backscattered electrons (BSE) and secondary electrons both prior to and after polishing. The data were then used for identifying the most suitable locations for isotope analysis. Quantitative EDS analyses were obtained for spinel grains using an Oxford XMax SDD EDS detector, operating Oxford AZtec software, on the TESCAN LYRA3, using a 15 kV acceleration voltage at a deadtime of $56%. An energy calibration and a beam intensity measurement were performed on cobalt metal prior to spinel analyses. A microprobe spinel standard of known composition (by weight: 0.1709% Mg, 0.3793% Al and 0.4498% O) and a Burma spinel standard were analyzed alongside spinel grains in SHIBs. Oxygen was quantified by stoichiometry and the data was normalized to a sum of 100%. EDS elemental maps of SHIBs were also collected with the TESCAN LYRA3, the data were normalized to a sum of 100%. The associated uncertainty of the maps is on the order of 5%.
Electron microprobe analysis
Hibonite grains in the CAIs were analyzed with a Cameca SX-50 electron probe microanalyzer (EPMA) at the University of Chicago. Most grains were analyzed with a 50 nA beam and an acceleration voltage of 15 kV; for a small subset, a higher beam current and acceleration voltage was used (100 nA and 20 kV). For standardization, we used manganese hortonolite for magnesium and iron, corundum for aluminum, and anorthite for calcium. The analyses of the corundum standards yielded negative apparent abundances for magnesium, which is a result of the curvature in the background signal caused by the high aluminum signal. We corrected unknown analyses for the curved background using data from multiple peak scans on a corundum standard. The effect of this correction is negligible for all except the most magnesium-depleted hibonite measurement in CAI 1-10-5.
Isotopic analyses
Oxygen
The CAIs were measured for their oxygen isotopic composition with the WiscSIMS Cameca IMS 1280 (Kita et al., 2009 with conditions similar to those described by Nakashima et al. (2011) . The three isotopes of oxygen were simultaneously detected using a Faraday cup (FC) for 16 (Heck et al. 2010; Kita et al. 2012 ) were used to correct for the instrumental bias affecting the different analyzed phases (hibonite, spinel and gehlenite). The external reproducibility of eight bracketing standard measurements was $0.5-1.6‰ (2 standard deviations, SD) for
17 O, and D 17 O and was assigned as analytical uncertainty of unknown samples in each bracket of 7 to 13 unknown analyses (see Kita et al., 2009 Kita et al., , 2010 for details on data treatment). While the interference from the tail of the 16 OH À peak on the 17 O À signal was negligibly small (60.5‰), the correction described by Heck et al. (2010) was applied. A small primary Cs + beam ($20 pA, $3 Â 4 lm 2 ) was chosen to allow analysis of individual primary minerals in the fine-grained samples. To confirm that adjacent primary and secondary minerals did not contribute to analyses, the analyzed areas were carefully examined by SEM. If a SIMS pit contained visible epoxy or included additional primary or secondary phases, the corresponding analysis was rejected (only 2 out of a total of 100 spot analyses had to be rejected). For all samples, oxygen was the first element studied for its isotopic composition to avoid problems with implantation of 16 O À , which was used as primary beam for the measurement of magnesium, calcium and titanium isotopes.
Aluminum-magnesium
Aluminum and magnesium isotopes were analyzed with the WiscSIMS Cameca IMS 1280. For hibonite grains, a 30-60 pA primary beam was focused to a diameter of $5 lm and secondary magnesium isotopes were analyzed by monocollection EM detection, which was combined with an additional multicollector FC to allow for simultaneous detection of 27 Al + with 25 Mg + Ushikubo et al., 2013) . Entrance and exit slits used were 90 lm and 405 lm, respectively, and field and contrast apertures used were 4000 lm and 400 lm, respectively. The magnification of the transfer optics was set to 200 between the sample and the field aperture. The secondary 24 Mg + signals were within a range of (0.3-1.7) Â 10 5 cps for unknowns and (1.1-2.2) Â 10 5 cps for the Madagascar hibonite standard. The Madagascar hibonite standard was analyzed to correct for the instrumental mass fractionation in unknown hibonites and to determine the relative sensitivity factor (RSF) between 27 Mg, uncertainties are 0.6-1.0‰ and 0.5-1.2‰ for 100-and 200-cycle analyses, respectively. Spinel grains were analyzed by simultaneous detection of magnesium isotopes and 27 Al using four FCs with analytical conditions similar to those of olivine in chondrules by Ushikubo et al. (2013) . A 2.13-2.18 nA primary O À beam was focused to a $13 lm diameter, which yielded secondary 24 Mg + signals within a range of (7.2-8.0) Â 10 7 cps for unknowns and within (7.0-7.4) Â 10 7 cps for the Wisc-SIMS spinel standard. Spinel standard analyses were used to determine the RSF between 27 Al + and 24 Mg + signals and to correct for the instrumental mass fractionation in unknown spinel grains Catanzaro et al., 1966) . For the spinel standard, d
25 Mg and d 26 Mg * are not expected to deviate from 0 by more than 1‰ and 0.1‰, respectively, based on the consistency of spinel, melilite, and fassaite data of Leoville CAIs that were analyzed using the same spinel standard as well as melilite and fassaite standards with known magnesium isotope ratios. This is consistent with arguments for a high degree of homogeneity for terrestrial high-temperature minerals (e.g., Luu et al., 2013 . We used the updated b value of 0.5128 ; however, no difference outside of quoted uncertainties is observed when the previously recommended b value of 0.514 (Davis et al., 2005 ) is applied. As indicated above, measured 27 Al/ 24 Mg ratios were corrected with the RSF obtained from standard measurements using the relationship ( 27 Al/ 24 Mg) true = ( 27 Al/ 24 Mg) SIMS / RSF; the true ratios were obtained from EPMA analyses of the standard minerals and SIMS denotes the uncorrected, measured ratio. Isochrons were constructed using orthogonal distance regression (ODR; equivalent to a model 1 fit in Isoplot; Ludwig, 2003) . The mean square weighted deviates (MSWD) were obtained with Isoplot (note that isochron slopes and intercepts are identical for ODR and Isoplot regression, but ODR uncertainties are slightly larger (difference in uncertainty estimates is usually <5%, but up to 24% in 1-3-1). Listed uncertainties on inferred 26 Al/ 27 Al ratios and intercepts (d 26 Mg * 0 ) are 2SD. As indicated above, Madagascar hibonite was used to obtain the RSF for hibonite analyses, which is similar to previous studies (Ireland, 1988; Liu et al., 2012) , but due to the standard's different mineral chemistry (higher FeO and REE content than in unknowns), the standard and unknowns could have different RSF values due to the matrix effect. In the Appendix, we also estimate an RSF from unknown EPMA analyses and discuss the effect on the slope of isochrons.
Calcium and titanium
A limited number of SHIBs were analyzed for calcium and titanium isotopes using a protocol similar to Park et al. (2014) , which is based on previous studies of hibonite-rich CAIs (Fahey et al., 1987; Ireland, 1990) . Using the Cameca IMS 1280 at the University of Hawai'i, the samples were analyzed with a primary O À beam that was focused to a diameter of $18 lm and set to $0.6 nA prior to every analysis, but typically decreased by $0.1 nA during the course of the analyses. The entrance and exit slits were at 31 lm and 94 lm, respectively, contrast and field apertures were at 400 lm and 3000 lm, respectively. The magnification of the transfer optics was $160. 40 Ca signals were divided by the FC yield. The EM dead-time was determined from TiO 2 standard analyses (28.9 ± 2.1 ns) and was corrected for using a method similar to those described by Fahey et al. (1987) and Fahey (1998 44 Ca + is 0.1 ppm or less for the studied CAIs, which is negligible and no correction was applied. Instrumental fractionation was corrected for by samplestandard bracketing using three standard measurements collected on the same day as unknowns. The calcium and titanium isotopic composition of the bracketing standard is assumed to correspond to the values listed in Niederer and Papanastassiou (1984) and Niederer et al. (1981) , respectively. Any remaining mass-dependent fractionation was then corrected for under the assumption that it reflects the true mass-dependent fractionation within the sample (intrinsic fractionation; F Ca and F Ti ) and that these elements evaporated or condensed as Ca atoms and TiO 2 molecules following a Rayleigh law, as recommended by Zhang et al. (2014) For all SHIBs, the targeted mineral was hibonite, but adjacent grains and cavities could not be avoided for some SHIBs (i.e., sparsely distributed sub-lm perovskite inclusions in 1-3-4, an adjacent spinel grain for 1-3-9, a cavity at edge of SIMS pit for 1-5-4), but post-SIMS SEM work showed no evidence that alteration phases contributed to the calcium and titanium analyses. Contribution from other primary minerals or surface topography could have resulted in a potential bias in our estimates for the mass-dependent fractionation intrinsic to these samples (F Ca and F Ti ), but should not have resulted in a bias of the magnitude of isotope anomalies outside of the uncertainties achieved in this study.
RESULTS
Petrologic characteristics
The studied spinel-hibonite CAIs are $30 lm to $160 lm in their longest dimension and most resemble SHIBs described by previous authors (Ireland, 1988; Liu et al., 2009a) . Accordingly, spinel and hibonite are the most abundant minerals in most of these CAIs. The relative abundances and grain sizes are highly variable, and both spinel and hibonite are usually more idiomorphic in coarse-grained SHIBs than in fine-grained examples (e.g., compare 1-2-1 and 1-10-5 with 1-6-6 in Fig. 1 ). Trace phases are common in many SHIBs, with perovskite being the most abundant, followed by FeO-poor silicates (usually clinopyroxene) and refractory metal nuggets (RMNs), but are entirely missing in some SHIBs. Voids and cracks are also common in both acid-treated and untreated SHIBs; in the latter, they are often filled with alteration phases (e.g., 1-5-4 and 1-3-1 in Fig. 1 ). Many untreated SHIBs preserve partial rims of secondary and sometimes primary silicates (Fig. 1c) . Three irregularly shaped, spinel-free hibonite crystals were included in this study (Fig. 1b) . All three have abundant holes and contain perovskite inclusions.
Mineral chemistry
Measured MgO and TiO 2 contents in SHIB hibonites range from 0.3 to 4.5 wt% and 0.2 to 10.7 wt%, respectively (Table 1) . MgO and TiO 2 contents are generally correlated, as expected for the coupled substitution of Mg 2+ +Ti 4+ for two Al 3+ in hibonite (Fig. 2) . FeO contents are usually below detection limit in SHIB hibonites (limits are 0.08 wt % for 20 kV and 0.03 wt% for 15 kV analyses). The few SHIB hibonite grains with FeO contents above detection limits are located in non-acid-treated SHIBs that preserve FeO-rich alteration phases (with one exception: no FeOrich phases were observed in SHIB 1-1-3). EDS maps ( Fig. 2 ) and EPMA analyses collected in different locations in the same hibonite crystals (Table 1) show that SHIB hibonites tend to be highly zoned in MgO and TiO 2 .
The three irregularly shaped, spinel-free hibonite crystals have MgO and TiO 2 contents similar to hibonites and SHIBs (Table 1) , and are distinctly enriched in these elements compared to PLAC-like CAIs studied in the same session (Kö ö p et al., 2014a) .
Spinel grains were analyzed in six SHIBs (1-2-1, 1-3-1, 1-3-9, 1-5-4, 1-6-6, 1-10-5) as well as in the melilite-hibonitespinel CAI 1-6-7. For all except 1-10-5, the analyses show minimal variations and yield compositions close to the stoichiometric MgAl 2 O 4 endmember ( Table 2 ). The analyses of the EPMA spinel standard (N = 12) deviate by less than 1% from the known composition (Section 2.3; Electronic appendix EA.1).
SHIBs studied for
26 Mg While many SHIBs contain either hibonite or spinel grains that are sufficiently large for magnesium isotope analyses (required sizes of $5 lm and $13 lm for hibonite and spinel, respectively), after mounting in epoxy and polishing, only eight SHIBs had exposed grains of both minerals that were large enough for analysis. Of these SHIBs, three have rounded outer shapes consistent with (partial) melting (1-6-6, 1-1-8, 1-5-4); the other five have irregular shapes and could be fragments of larger inclusions (1-3-1, 1-2-1, 1-7-4, 1-3-9, 1-10-5). The rounded CAIs as well as 1-3-1 and 1-3-9 consist of multiple intergrown grains of spinel and hibonite with irregular boundaries, while 1-10-5, 1-2-1 and 1-7-4 appear to be dominated by more massive grains of spinel and/or hibonite with well-defined, linear grain boundaries. Trace phases (often perovskite, sometimes FeO-poor silicates) are present in all of these SHIBs except 1-10-5; non-acid treated samples 1-6-6, 1-3-1, 1-5-4 and 1-10-5 preserve partial rims of FeO-rich silicates. Similar FeO-rich material can be found in voids (1-5-4, 1-3-1 and 1-6-6; Fig. 1 ).
The melilite-spinel-hibonite inclusion
The melilite-spinel-hibonite inclusion 1-6-7 is a compact, irregularly shaped CAI fragment (Fig. 1d) . The sub-to anhedral crystals of melilite (up to 20 lm in size) have compositions close to pure gehlenite and are set in aluminum-magnesium spinel. Voids are present and cracks run through the inclusion, but no alteration phases were observed. An irregular, foliated hibonite grain is found at the edge of the inclusion and a single RMN is located at a grain boundary between melilite and spinel (the composition of the RMN is reported in Schwander et al., 2015) . Mg displayed at the same scale. (b) An irregularly shaped hibonite grain (2-2-3) with abundant rounded voids and perovskite inclusions that could have broken off a SHIB. (c) A fragment of a rounded SHIB (1-1-6) with radially oriented hibonite grains set in a dense spinel matrix. The inclusion is surrounded by a partial rim of Fe-rich alteration phases, followed by a layer of diopside. (d) A melilite-bearing spinel-hibonite inclusion (1-6-7). Abbreviations: Hib -hibonite, Pv -perovskite, Sp -spinel, Mel -melilite, FeO-rich sil -FeO-rich silicate. 
Oxygen isotopes
The oxygen isotopic compositions of the 33 analyzed SHIBs are summarized in Table 3 . The SHIBs yield an average D 17 O value of À23.4 ± 1.1‰ (±2 SD). Plotted in a oxygen three-isotope diagram, the SHIBs form a tight cluster (Fig. 3) close to the CCAM (carbonaceous chondrite anhydrous mineral; Clayton et al., 1977) line. While many SHIB analyses overlap with the CCAM line within uncertainty, they are, on average, displaced toward heavier compositions by $1‰ amu
À1
. In contrast, the SHIB cluster falls on the primitive chondrule mixing (PCM, Ushikubo et al., 2012) line (Fig. 3b) . The three MgO-rich single hibonite crystals and the melilite-spinel-hibonite inclusion (1-6-7) plot within the SHIB cluster (Fig. 3b) .
Results of oxygen isotope standard analyses are presented in Electronic appendix EA.2.
Magnesium isotopes
Both hibonite and spinel grains in SHIBs show variations in d
25
Mg values, which may be evidence for massdependent isotope fractionation ( 25 Mg are resolvable in hibonite in two SHIBs (1-6-6 and 1-10-5). Spinel analyses are usually slightly more enriched in 25 Mg than hibonite analyses within the same SHIB (exception is SHIB 1-2-1), which could be a bias introduced by the two standards (see Section 4). Results of magnesium isotope standard analyses are presented in Electronic appendix EA.3. Fig. 4 shows that for seven of the eight studied SHIBs, spinel and hibonite analyses fall on a well-defined multi-CAI mineral isochron (MSWD 1.07) with a slope corresponding to an initial 26 Al/ 27 Al ratio of (4.8 ± 0.1) Â 10
À5
and an initial d 26 Mg * 0 marginally resolved from zero (i.e., 0.07 ± 0.05‰). Internal isochrons of these seven SHIBs, constructed from two to five analyses within the same SHIB, give initial 26 Al/ 27 Al ratios between (4.6 ± 0.6) Â 10 À5 to (5.3 ± 1.1) Â 10
, some within 2r uncertainty of and others below the canonical ratio (Table 4 , Fig. 5 ). In contrast, the slope of the isochron for SHIB 1-3-9, in which only one hibonite and one spinel analysis could be collected, yields a significantly smaller initial 26 Al/ 27 Al ratio of (2.5 ± 0.7) Â 10 À5 and a higher initial d 26 Mg * of 0.8 ± 0.2‰ (Fig. 4b) .
Hibonite analyses show a wide range of 27 Al/ 24 Mg ratios from $25 to $133 (Table 4 ). In contrast, spinel analyses show less variation, most have a ratio of $2.6, only spinel analyses in 1-10-5 and in 1-2-1 have a ratio of $2.8.
Calcium and titanium isotopes
None of the five SHIBs studied for calcium and titanium isotopes show mass-independent anomalies in calcium or titanium isotopes beyond the 3r level, independent of the isotope pair chosen for normalization (Table 5 ). However, The five studied SHIBs show no evidence for high degrees of mass-dependent fractionation in calcium or titanium. SHIB 1-5-4 appears to be isotopically heavy in both titanium and calcium by 1-2‰ amu À1 (Table 5) . SHIB 1-3-7 has a positive F Ti value that is marginally resolved beyond the 3r level ( 46 Ti/ 48 Ti normalization), all other SHIBs lack clearly resolved effects in calcium and titanium beyond the 3r level (Table 5) .
Results of calcium and titanium isotope standard analyses are presented in Electronic appendix EA.4. For some SHIBs, a melt origin is indicated by petrologic or stable isotopic characteristics. For example, SHIBs 1-6-6, 1-1-8 and 1-5-4 have rounded outer shapes, consistent with crystallization from a melt droplet. Other SHIBs (e.g., 1-2-1 and 1-10-5) show heavy magnesium isotope enrichments (positive d 25 Mg) in both spinel and hibonite grains, consistent with partial magnesium evaporation during melting. However, there is no general correlation between these properties. For example, rounded SHIB 1-6-6 is isotopically light compared to other SHIBs (Table 4 ), suggesting that its magnesium isotopic signature is dominated by condensation rather than melt evaporation (e.g., Richter et al., 2002) . The formation mechanisms of these SHIBs and consistency between stable isotopic signatures are further discussed in Section 4.3.
Alteration
Voids are a common feature in many SHIBs. While sample preparation like acid-treatment or polishing can remove soluble phases or individual minerals from these inclusions, many voids are filled with alteration phases or epoxy, suggesting they were not introduced by polishing. A comparison of acid-treated and untreated SHIBs shows that the acid effectively removed primary and secondary silicate phases. In addition, hibonite-hibonite and spinel-spinel c Average of analyses collected in SHIBs 1-2-1, 1-3-1, 1-3-9, 1-5-4, 1-6-6, and melilite-bearing spinel-hibonite inclusion 1-6-7. Table 3 Oxygen isotope data for SHIBs, single hibonite crystals and the melilite-spinel-hibonite CAI separated from the Murchison meteorite. Data are averages from spinel, hibonite and/or melilite analyses. Uncertainties are 2r.
Sample name
SHIBs 1-1-3 2 À44.7 ± 0.9 À46.1 ± 2.0 À22.9 ± 1.6 1-1-6 3 À44.5 ± 0.8 À46.2 ± 1.4 À23.1 ± 1.1 1-1-7 4 À44.2 ± 0.7 À45.7 ± 0.8 À22.7 ± 1.0 1-1-8 4 À45.7 ± 1.0 À46.7 ± 0.7 À23.0 ± 0.6 1-1-9 2 À43.9 ± 1.3 À46.4 ± 1.5 À23.5 ± 0.9 1-1-12 3 À44.0 ± 1.1 À46.7 ± 0.7 À23.8 ± 0.6 1-1-14 1 À43.8 ± 1.1 À47.0 ± 1.0 À24.2 ± 0.9 1-2-1 3 À44.2 ± 1.1 À47.2 ± 0.6 À24.3 ± 0.9 1-2-2 2 À45.5 ± 0.9 À47.5 ± 0.7 À23.9 ± 1.0 1-2-7 5 À45.0 ± 1.2 À47.2 ± 0.7 À23.8 ± 0.5 1-3-1 2 À45.3 ± 1.2 À46.4 ± 1.3 À22.8 ± 0.9 1-3-4 2 À42.6 ± 1.2 À44.1 ± 0.7 À22.0 ± 0.8 1-3-6 2 À43.0 ± 1.2 À44.8 ± 1.0 À22.5 ± 1.3 1-3-7 4 À44.3 ± 0.9 À46.9 ± 0.5 À23.8 ± 0.6 1-3-8 2 À45.1 ± 1.1 À46.9 ± 0.8 À23.5 ± 0.8 1-3-9 4 À43.9 ± 1.9 À46.5 ± 1.8 À23.7 ± 1.0 1-3-10 2 À44.6 ± 1.1 À45.9 ± 0.7 À22.7 ± 0.8 1-3-11 1 À44.4 ± 1.3 À47.6 ± 0.8 À24.5 ± 1.0 1-4-4 3 À44.1 ± 0.7 À46.5 ± 1.0 À23.6 ± 1.0 1-4-6 3 À44.6 ± 0.6 À47.3 ± 0.7 À24.1 ± 0.8 1-5-1 3 À44.7 ± 1.4 À46.5 ± 1.2 À23.3 ± 0.7 1-5-2 2 À45.3 ± 1.1 À47.2 ± 0.8 À23.6 ± 0.8 1-5-4 4 À44.6 ± 1.1 À46.8 ± 0.9 À23.6 ± 0.7 1-6-3 3 À43.2 ± 1.1 À45.8 ± 1.1 À23.3 ± 0.8 1-6-4 2 À44.8 ± 0.8 À46.5 ± 0.7 À23.2 ± 0.8 1-6-5 2 À44.2 ± 0.7 À46.7 ± 0.8 À23.7 ± 0.9 1-6-6 4 À44.7 ± 1.0 À46.3 ± 0.6 À23.0 ± 0.9 1-6-8 2 À44.8 ± 0.9 À46.7 ± 0.8 À23.4 ± 0.7 1-7-4 2 À44.7 ± 0.9 À46.9 ± 0.6 À23.7 ± 1.0 1-9-5 3 À43.7 ± 0.6 À45.3 ± 0.8 À22.6 ± 0.7 1-10-4 3 À44.3 ± 1.0 À46.0 ± 1.3 À23.0 ± 1.1 1-10-5 4 À43.1 ± 0.6 À46.2 ± 1.1 À23.8 ± 0.9 1-10-6 2 À44.3 ± 0.7 À46.4 ± 0.6 À23.4 ± 0.4
Single hibonite crystals 1-9-2 2 À44.0 ± 0.8 À46.5 ± 1.0 À23.6 ± 0.8 2-2-3 1 À44.2 ± 0.7 À46.5 ± 1.3 À23.5 ± 1.4 1-6-2 2 À43.0 ± 0.8 À46.2 ± 0.7 À23.9 ± 0.8
Melilite-spinel-hibonite inclusion 1-6-7 4 À44.4 ± 0.7 À46.9 ± 0.7 À23.8 ± 0.6 a N indicates number of individual analyses used to calculate average. grain boundaries are more easily recognizable in acidtreated SHIBs (e.g., 1-1-8 in Fig. 1 ), which could be a result of dissolution of interstitial silicate minerals or etching of oxide minerals. However, the presence of alteration phases inside untreated SHIBs (e.g., 1-5-4 and 1-3-1 in Fig. 1 ) suggests that some porosity is primary or was caused by fluidassisted alteration on the parent body. Spinel in the CAIs is close to end-member composition and abundances of FeO are usually below detection limit in hibonite, supporting the pristine character of the primary minerals that we have studied for their isotope characteristics.
A note on classification
We studied 78 hibonite-rich CAIs for their isotopic and petrologic characteristics (37 are presented here, others have been described in Kö ö p et al., 2014a Kö ö p et al., ,b, 2015 . Most of these CAIs fall into two isotopic groups, i.e., SHIBs and PLACs, as defined by Ireland (1988) . Similar to Ireland (1988) , we find that the presence of both spinel and hibonite is a good first indicator, but not sufficient, for grouping a hibonite-rich CAI with the SHIBs. Classification based on the presence of spinel fails, for example, in the case of four spinel-bearing hibonite-rich CAIs that share isotopic and chemical characteristics with PLAClike CAIs (Kö ö p et al., 2014a) and for spinel-free hibonite crystals that were separated from SHIBs, possibly by laboratory disaggregation of the host meteorite. In the absence of isotopic data, the best proxy for estimating the isotopic character and classifying the CAI is hibonite mineral chemistry. In particular, it is the zonation in hibonite minerals (Fig. 2) which distinguishes SHIB hibonites from the uniformly MgO-poor PLAC hibonites, in addition to the larger range of MgO contents noted by Ireland (1988) and also indicated in Table 1 . Similarly, lower MgO contents than those typical for PLAC and SHIB hibonites are good indicators for a melt evaporation origin of a hibonite grain. Based on these considerations, three irregularly shaped, spinel-free hibonite crystals were included in this study (Figs. 1b, 2e-h ), which share isotopic, chemical and morphological characteristics with SHIB hibonites (Fig. 3b) and could have been liberated from SHIBs during freezethaw disaggregation or acid treatment.
Individual isotopic systems
Oxygen isotopes
The tight clustering of the SHIBs at a D 17 O of À23.4 ± 1.1‰ suggests that these objects formed in a reservoir that had a uniform distribution of oxygen isotopes, but was slightly depleted in 16 O compared to the inferred solar value (À28.4 ± 1.8‰, 2r; McKeegan et al., 2011). The average D 17 O of approximately À23‰ is in excellent agreement with that of many other CAIs from CR chondrites, the ungrouped primitive chondrite Acfer 094 and certain primary minerals like hibonite or spinel in CV chondrite CAIs (Makide et al., 2009; Ushikubo et al., 2011; Bullock et al., 2012) . However, small differences between the datasets exist, i.e., Acfer 094 CAIs are slightly more spread out along the CCAM line than SHIBs (i.e., larger variation in D 17 O; Ushikubo et al., 2011) and CR CAIs show a larger range of mass-dependent fractionation when compared to SHIBs, possibly due to melt evaporation (Makide et al., 2009 ), which could indicate that CR CAIs experienced higher degrees of evaporation than SHIBs.
The uniformity in oxygen isotopes among the 33 SHIBs studied here is in clear contrast to SHIB data from Liu et al. (2009a) , i.e., 12 SHIBs define a resolved D 17 O range between about À27‰ and À15‰. As illustrated in (2009a) dataset is defined by an object that is offset from the CCAM line. Aside from this grain, most CAIs that are distinct from the cluster defined by our SHIBs are comparably depleted in 16 O. The reason for the discrepancy between the two datasets is unclear. However, we are confident that the data presented in this study is accurate (frequent analysis of bracketing standards, use of appropriate mineral standards, high spatial resolution that prevented sampling of alteration phases, which was confirmed by post-SIMS SEM work). It is unlikely that we sampled uniform SHIBs by chance, as the number of SHIBs studied here is higher than the number of SHIBs studied by Liu et al. (2009a) .
Our new results show for the first time that SHIBs and PLAC-like CAIs have different oxygen isotopic characteristics (Fig. 6b) . PLAC-like CAIs that were analyzed in the Ti normalization 1-10-5 0.4 ± 0.7 À1.1 ± 1.7 À2.4 ± 2.4 0.7 ± 2.4 1-3-4 0.9 ± 0.9 1.3 ± 2.2 À1.2 ± 2.9 3.2 ± 3.2 1-3-7
1.4 ± 0.8 0.9 ± 2.0 0.1 ± 2.3 3.6 ± 2.4 1-3-9 0.1 ± 0.7 0.2 ± 1.9 0.1 ± 2.1 1.8 ± 2.2 1-5-4
1.8 ± 0.7 À0.3 ± 1.8 À1. Ti normalization 1-10-5 À0.4 ± 0.9 0.4 ± 1.9 1.7 ± 1.8 4.3 ± 3.1 1-3-4 À0.2 ± 1.4 À1.9 ± 2.8 À0.2 ± 2.4 5.5 ± 5.0 1-3-7
1.0 ± 1.0 À1.1 ± 2.5 À0.5 ± 2.1 3.9 ± 3.5 1-3-9 0.1 ± 0.8 À0.1 ± 2.1 À0.2 ± 1.9 1.7 ± 2.8 1-5-4
1.4 ± 1.0 0.0 ± 2.1 0.7 ± 1.9 4.6 ± 3.4
Sample name
Calcium data 1-10-5 À1.1 ± 0.9 0.6 ± 2.4 2.2 ± 3.1 0.7 ± 4.7 1-3-4 0.4 ± 0.9 À0.4 ± 2.7 À0.4 ± 3.2 1.5 ± 4.6 1-3-7
1.3 ± 0.9 0.3 ± 2.6 0.8 ± 3.2 À0.6 ± 4.5 1-3-9 0.1 ± 0.9 0.1 ± 2.5 À0.2 ± 2.8 0.0 ± 4.4 1-5-4 2.1 ± 1.0 À1.1 ± 2.7 À1.7 ± 3.2 À1.9 ± 4.6 same session have larger variations in oxygen isotopes than SHIBs ( 17 O between $À28 and À17‰, larger offsets from CCAM line; Kö ö p et al., 2014a), which was also found in PLACs studied by Liu et al. (2009a) . D 17 O fluctuations have been observed in some CAIs from CV and CO chondrites and have been attributed to coexisting 16 O-rich and 16 Opoor reservoirs (Itoh and Yurimoto, 2003; Park et al., 2012 Table 4 can be compared as a function of mineral type, the absolute values may suffer from a small bias that may have been introduced from using terrestrial hibonite and spinel mineral standards of unknown magnesium isotopic compositions for bracketing. To facilitate a comparison between hibonite and spinel analyses, the uncertainty in standard composition (conservative estimate of 1‰, see Section 2.5.2 and Luu et al., 2013) needs to be considered in addition to counting statistics. Doing so indicates that both hibonite and spinel grains in SHIBs 1-3-1, 1-6-6 and 1-7-4 are isotopically light in magnesium by $1-4‰/amu (Fig. 7) , potentially indicating a condensation signature (Richter et al., 2002) . d
25 Mg values range from $0 (1-3-9 and 1-1-8) to slightly positive values in 1-5-4 and 1-2-1 (Fig. 7) . The highest d
25 Mg values are found in SHIB 1-10-5 ($8-18‰), consistent with significant loss of magnesium during melt evaporation (e.g., Mendybaev et al., 2013) . The higher degree of mass-dependent fractionation in magnesium isotopes in 1-10-5 appears consistent with the nonstoichiometry in the spinel grain of this CAI, as both observations may be attributable to formation at higher temperatures than the other studied SHIBs (e.g., Simon et al., 1994) . As indicated in Section 3.3, spinel analyses appear to be isotopically heavier than hibonite analyses for all studied SHIBs except 1-2-1. However, except for 1-10-5, this difference is only marginal or is not resolved beyond the more conservative uncertainty estimate and could be a result of small differences in the isotopic compositions of the hibonite and the spinel standards.
The spread in 27 Al/ 24 Mg ratios in hibonites (Table 4) is consistent with variations seen in EPMA and EDS data, which suggest high degrees of coupled variability in MgO and Al 2 O 3 contents within and among hibonite grains (e.g., Table 1 ). The analyzed spinel grains fall into two groups with regard to their 27 Al/ 24 Mg ratios. Most SHIB spinel grains have a ratio of $2.6, but in 1-10-5 and 1-2-1, the ratio is $2.8. For 1-2-1, the higher ratio is likely due to sampling of a small amount of adjacent hibonite, for 1-10-5 it is likely due to nonstoichiometry in the analyzed spinel.
Seven of the eight SHIBs show high 26 Al/ 27 Al ratios, which are, on average, slightly below the canonical 26 Al/ 27 Al ratio. In the Appendix, we assess the possibility that this small depletion could be the result of a bias in 27 Al/ 24 Mg ratios introduced by the matrix effect and find that a canonical incorporation of 26 Al cannot be excluded for these seven SHIBs. However, similarly high subcanonical levels of 26 Al are typical in Acfer 094 CAIs and are also observed in some CR chondrite CAIs (Makide et al., 2009) . As these CAIs typically have similar D
17 O values as the SHIBs studied here, it may further emphasize the isotopic similarity among these materials and possibly support the high, yet slightly subcanonical ratio in these seven SHIBs. In contrast, the low ratio inferred for SHIB 1-3-9 is clearly subcanonical (i.e., (2.5 ± 0.7) Â 10 À5 ; Figs. 4, 5d) and no evidence for alteration was found in this CAI. Subcanonical ratios may be a result of early formation during admixture of 26 Al, as suggested by Liu et al. (2012) , or may be due to late formation or resetting after partial decay of 26 combined with the elevated intercept (d 26 Mg * 0 ) of the isochron defined by SHIB 1-3-9 (Figs. 4, 5d) is consistent with internal resetting of the 26 Mg system approximately 0.7 Ma after formation of a refractory precursor with a canonical abundance of 26 Al. Perhaps this occurred by remelting. The origin of 26 Al/ 27 Al variations is further discussed in Section 4.4.
The internal and multi-CAI mineral isochrons show no evidence for initial magnesium isotopic heterogeneity (Table 4) at a level that would significantly affect the 26 Al/ 27 Al ratios inferred from model isochrons. For CAIs that incorporated 26 Al, initial magnesium isotopic heterogeneity would be reflected in variations in the isochron intercept, i.e., d
26 Mg * 0 . While some of the internal isochrons have positive d
26 Mg * 0 values, the magnitudes are small and could be a result of reprocessing of refractory precursors while 26 Al was still alive. If the samples studied here represent the larger population of SHIBs, their lack of large d 26 Mg * 0 variation suggests that formation with a normal initial magnesium isotopic composition is a good approximation for SHIB model isochrons.
A comparison of 26 Al/ 27 Al ratios obtained from internal and model isochrons suggests that the two approaches yield different distributions. The most precise model 26 Al/ 27 Al ratios (N = 34) show a multi-modal distribution and cover the full range from $(0.5-6) Â 10 À5 (Liu et al., 2012) . In contrast, our internal isochrons yield high 26 Al/ 27 Al ratios close to the canonical ratio for seven of eight SHIBs, and only one internal isochron has a clearly resolved lower ratio. Differences in the distributions of 26 Al/ 27 Al ratios are expected if internal and model isochrons correspond to different events. If model isochrons correspond to true bulk isochrons, they may date gas-solid fractionation (e.g., condensation), while internal isochrons could date a later event that internally redistributed magnesium and aluminum isotopes (e.g., melting). In turn, internal isochrons would generally be expected to yield lower 26 Al/ 27 Al ratios (on average) than bulk isochrons. However, the opposite is observed (model and internal isochrons yield averages of 4.1 Â 10 À5 vs. 4.5 Â 10 À5 for, respectively). Therefore, it may be possible that the eight SHIBs studied for 26 Mg are not a representative sample. However, we note that 29 of the 34 SHIBs studied by Liu et al. (2012) agree with the ratio inferred from our multi-CAI mineral isochron of (4.8 ± 0.1) Â 10 À5 within 2r uncertainty. Of the remaining five SHIBs, four agree with the lower ratio of (2.5 ± 0.7) Â 10 À5 inferred from the internal isochron of SHIB 1-3-9. Based on this work, 26 Al/ 27 Al ratios established from bulk isochrons cannot be rejected, but additional work is required to evaluate whether internal isochrons yield a different distribution of 26 Al/ 27 Al ratios.
Calcium and titanium isotopes
If present, mass-dependent fractionation effects in calcium and titanium are small in SHIBs. SHIB 1-5-4 is the only sample with mass fractionation effects in both calcium and titanium that are resolved beyond 3r (heavy in both titanium and calcium by 1-2‰ amu À1 ). However, as noted in Section 2.5.3, post-SIMS SEM work showed a cavity in the analysis spot, which could have introduced additional mass-dependent fractionation that was unaccounted for by sample standard bracketing. SHIB 1-3-7 may be slightly enriched in heavy titanium isotopes, but is only marginally resolved beyond 3r. The other three SHIBs show no clear evidence for mass-dependent fractionation of calcium and titanium isotopes. Therefore, it appears that the studied Ireland (1988 Ireland ( & 1990 . SHIB CH-A4 studied by Sahijpal et al. (2000) is clearly distinct from other SHIBs. (b) All five studied SHIBs lack resolvable anomalies in 48 Ca. Four SHIBs have marginally resolved excesses in 50 Ti beyond the 2r uncertainty in 49 Ti/
47
Ti normalization, but SHIB 1-3-9 has no resolvable anomaly in 50 Ti. All SHIBs are within uncertainty of the maximum d SHIBs are either heavy or normal in calcium and titanium within the precision achieved in this study. In contrast, many CV chondrite CAIs that have been analyzed using the double-spike technique are isotopically light in calcium isotopes (F Ca as low as $-4‰/amu; Niederer and Papanastassiou, 1984; Huang et al., 2012) . While this contrast could indicate differences in the formation history of these CAIs, the majority of studied CV chondrite CAIs have F Ca values between 0 and À1‰/amu, which is comparable to the uncertainty achieved by the SIMS measurements presented here and would thus be hard to recognize.
None of the five SHIBs studied for calcium and titanium isotopes show resolvable anomalies beyond the 3r level (Table 5 and Fig. 8 Ti normalization) and $140‰, respectively (Kö ö p et al., 2014b) , which is in agreement with previous studies of similar objects (Ireland, 1988 (Ireland, , 1990 Liu et al., 2009a) . This result suggests that the studied SHIBs formed in a well-mixed reservoir, after the large calcium and titanium anomalies that characterize PLAC-like CAIs had been diluted within the CAI formation region. Alternative interpretations such as homogenization by reprocessing and exchange of SHIB precursors with the surrounding gas are less likely for calcium and titanium than for oxygen or even magnesium, as these are highly refractory elements that would not have been present in the gas phase unless SHIBs were reprocessed at very high temperatures. If present, anomalies in 50 Ti appear to be positive, which is similar to the smallscale anomalies found in CV chondrite CAIs, and all anomalies are within 2r uncertainty of the range found in CV chondrite CAIs (e.g., Trinquier et al., 2009; Fig. 8 ). This could suggest that both types of CAIs formed in reservoirs that had experienced similar degrees of dilution of nucleosynthetic anomalies in refractory elements by mixing and/or thermal processes. However, higher precision analyses of a larger number of SHIBs would be desirable to fully assess the degree of heterogeneity in SHIBs.
The lack of clearly defined anomalies in the five studied SHIBs in contrast to previous studies, which found a larger spread in d 48 Ca (Fig. 8a ). In addition, previous studies have shown that approximately a third of these CAIs have anomalies in 50 Ti beyond the 3r level (Ireland, 1988 (Ireland, , 1990 Fahey et al., 1987; Sahijpal et al., 2000; Liu et al., 2009a) . However, anomalies in these SHIBs are typically within 10‰ of the terrestrial value, and are thus smaller than those in PLACs and PLAC-like CAIs. In contrast, SHIBs 7-170 and CH-A4 studied by Ireland (1988) and Sahijpal et al. (2000) , respectively, have large 50 Ti anomalies in excess of 10‰ (the latter is plotted in Fig. 8a ). But these SHIBs have no or only marginally resolved radiogenic 26 Mg excesses (Ireland, 1988; Sahijpal et al., 2000) and 7-170 also shows a hint of a 16 O-depletion (D 17 O of À18.6 ± 3.5‰; Ireland et al., 1992) relative to the SHIBs presented here; no oxygen isotope results have been reported for CH-A4. As such, 7-170 and CH-A4 could belong to a different isotopic population, for example to the PLAClike CAIs, which are 26 Al-depleted and show increasing degrees of isotopic heterogeneity in refractory elements with increasing D 17 O (Kö ö p et al., 2014b . The existence of these SHIBs demonstrates the importance of performing multielement isotopic studies on these objects instead of inferring isotopic properties of hibonite-rich CAIs from their mineralogy and morphology. To evaluate how the magnitudes of anomalies in SHIBs with uniform oxygen isotopic compositions compare to other types of CAIs, it is necessary to expand multielement isotopic studies to a larger number of SHIBs.
Relationship between mass-dependent isotope fractionation effects in SHIBs
The consistency between mass-dependent signatures in magnesium, calcium and titanium can best be evaluated in SHIBs for which all three isotopic systems have been studied (i.e., samples 1-3-9, 1-5-4 and 1-10-5). 1-3-9 and 1-10-5 lack clear evidence for calcium and titanium isotopic fractionation (beyond 3r), which is consistent with the magnesium isotopic fractionation in these CAIs (d 25 Mg $ 0 in 1-3-9 and $8-18‰ in 1-10-5). If caused by melt evaporation, no significant loss (and thus no significant fractionation) of refractory elements like calcium and titanium would be expected based on these low degrees fractionation in magnesium (as modeled by Simon and DePaolo, 2010 , for calcium and magnesium isotopes). Similar to 1-3-9 and 1-10-5, no resolvable fractionation in calcium and titanium isotopes would be expected for SHIB 1-5-4, which shows a low degree of fractionation in magnesium (d 25 Mg < 5‰). In contrast, 1-5-4 appears to be enriched in heavy calcium and titanium isotopes by $1-2‰ amu À1 . As discussed in Section 4.2.3, this could be the result of insufficient correction for instrumental fractionation for this CAI. However, intrinsic fractionation cannot be excluded based on the available data, and would require a multistage formation history (e.g., evaporation of calcium and titanium from a melt, followed by processes that allowed for acquisition of isotopically normal or slightly heavy magnesium).
Based on the eight SHIBs studied for both oxygen and magnesium isotopes, no clear link is apparent between mass-dependent effects in magnesium and oxygen, similar to many other CAIs (e.g., Krot et al., 2008 (Mendybaev et al., 2013 Mendybaev et al. (2013) is shown by SHIB 1-10-5, which has a more complex massfractionation pattern than other SHIBs. As illustrated in Fig. 7, d 25 Mg values in spinel are higher than those in hibonite and the magnitude of d
25 Mg values in hibonite decreases with distance from the spinel grain and correlates with 27 Al/ 24 Mg ( Fig. 9a and b) . The magnesium isotopic data can be explained if this SHIB formed from a melt that had become isotopically heavy in magnesium due to considerable evaporative loss (e.g., Mendybaev et al., 2013) . After crystallization of isotopically heavy spinel, MgO-poor, isotopically heavy hibonite may have nucleated on the spinel grain. Recondensation of magnesium into the melt while hibonite continued to crystallize could then have resulted in the increasing MgO contents and smaller heavy isotope enrichments in crystallizing hibonite ( Fig. 9a and b) . While spinel may also be slightly heavier in oxygen isotopes than hibonite in this CAI, the range of mass-dependent effects in oxygen is clearly smaller than that in magnesium (D 18 O CCAM range of $4‰, compared to a d 25 Mg range of $10‰). Efficient oxygen isotopic exchange between the SHIB melt and the gas phase may be required to explain the lack of comparable zoning in oxygen isotopes.
Timing of SHIB formation and relationships to other types of CAIs
Based on the newly obtained isotopic data for a large number of SHIBs, we infer that the SHIB formation reservoir was significantly more homogeneous in its isotopic properties than previously hypothesized. In terms of their oxygen isotopic uniformity (average D
17
O of -23.4 ± 1.1‰) and their Mg characteristics, we find that SHIBs bear a greater resemblance to CR CAIs and Acfer 094 CAIs than to PLAC-like CAIs. Whether this is also the case for calcium and titanium isotopes needs to be evaluated in future studies that include SHIBs and other types of CAIs.
Based on model isochrons of SHIBs, it has been suggested that their variable initial 26 Al/ 27 Al ratios could be the result of a formation during admixing of 26 Al into the nebula (Liu et al., 2012) . In particular, the distribution of model 26 Al/ 27 Al ratios was found to be most consistent with continuous formation in a fairly well-mixed reservoir in which the 26 Al/ 27 Al ratio was increasing. If isotopic anomalies in the CAI formation region were erased over time by mixing processes, this early formation scenario may be supported by the range of 48 Ca and 50 Ti anomalies in SHIBs, which is intermediate between the anomalous, 26 Al-depleted PLACs and the 26 Al-rich, more isotopically uniform regular CAIs (e.g., Ireland, 1988; Sahijpal et al., 2000; Liu et al., 2009a) . The chronologic sequence suggested by this scenario would be that PLAC formation was followed by an extended period of SHIB formation, which was followed by or overlapped with the formation of regular CAIs. Our internal isochrons are consistent with a certain degree of variability in the 26 Al/ 27 Al ratios of SHIBs, as CAI 1-3-9 deviates from the well-defined multi-CAI mineral isochron. This is consistent with an early, extended SHIB formation period during 26 Al admixture, as suggested by Liu et al. (2012) . However, CAI 1-3-9 has no resolved anomalies in calcium and titanium isotopes and its D
O is indistinguishable from other SHIBs, suggesting that it formed in an evolved isotopic reservoir. This new data may indicate that either subcanonical 26 Al/ 27 Al ratios in SHIBs are due to reprocessing of precursors that formed with a canonical abundance of 26 Al, or that the CAI formation region was already highly homogenized in oxygen, calcium and titanium isotopes when 26 Al was still heterogeneously distributed. Below, both scenarios are evaluated. For this, the initial 26 Al/ 27 Al ratio inferred from the multi-CAI mineral isochron is assumed to be accurate (i.e., truly subcanonical). However, we note again that due to the lack of an appropriate hibonite standard, a canonical incorporation of 26 Al and thus a contemporaneous formation with CV CAIs cannot be excluded for seven of the eight studied SHIBs (see Appendix).
A comparison with CV CAIs shows that the high, yet subcanonical 26 Al/ 27 Al ratio in seven SHIBs could reflect remelting after partial decay of 26 Al. Similar to SHIBs, CV CAIs have been interpreted to have formed in a 16 Orich oxygen isotopic reservoir with an average D
O of $-23‰ (e.g., Bullock et al., 2012) . Bulk isochrons of CV CAIs suggest that they formed with a canonical ratio of (5.23 ± 0.13) Â 10 À5 (Jacobsen et al., 2008; Larsen et al., 2011) . Similarly high values have been inferred from internal isochrons of two unmelted CV CAIs, but for melted CAIs, internal isochrons yield a range of initial ratios (i.e., $4.2 Â 10 À5 to 5.2 Â 10 À5 ; MacPherson et al., 2012), suggesting that CAI formation processes and/or hightemperature processing occurred for $0.2-0.3 Ma after formation of CAIs with canonical 26 Al. The average 26 Al/ 27 Al ratio inferred from the multi-SHIB mineral isochron of 4.8 Â 10
À5 falls into the range defined by melted CV CAIs and thus suggests that this ratio, if truly subcanonical, may be a result of reprocessing rather than an early formation while 26 Al was being admixed. The lack of clearly resolved anomalies in oxygen, calcium, and titanium isotopes seems consistent with both scenarios (i.e., formation before or after canonical CAIs) for these seven SHIBs. If the 26 Al/ 27 Al ratio of $4.8 Â 10 À5 reflects decay, isotopic properties similar to those found in CV CAIs would be expected, i.e., anomalies in calcium and titanium that would be unresolvable with the precision achieved in this study and uniform oxygen isotopic compositions. Alternatively, if the SHIBs formed during admixture of 26 Al, the uniformly high abundance of this SLR in seven of the eight studied SHIBs (>90% of the canonical value) suggests that the CAI formation region was close to achieving a homogeneous distribution of 26 Al. Since we expect that the processes that homogenized 26 Al would also have resulted in dilution of other nucleosynthetic signatures, the seven SHIBs should be significantly more isotopically uniform than the 26 Al-free PLAC-like CAIs. However, if the low 26 Al/ 27 Al ratio in SHIB 1-3-9 was due to an early formation during 26 Al admixture and the larger range of anomalies in 48 Ca and 50 Ti established in previous studies of SHIBs was accurate, resolvable anomalies in calcium, titanium (and possibly also oxygen) would be expected in this SHIB. In this view, the nonzero intercept of the isochron for 1-3-9 (Fig. 5d ) could be interpreted as magnesium isotopic heterogeneity. However, this SHIB shows no resolvable anomalies in calcium and titanium isotopes (Fig. 8b) , and falls into the SHIB cluster in oxygen isotopes (Fig. 3) , suggesting that this CAI formed in a highly homogenized reservoir. As argued in Section 4.2.2, the nonzero intercept and shallow slope could instead indicate thermal reprocessing of a refractory precursor with a canonical ratio approximately 0.7 Ma after its formation. The low initial 26 Al/ 27 Al ratio of (2.5 ± 0.7) Â 10 À5 found in SHIB 1-3-9 is in agreement with a low value found in the Type C mineralogy of a composite CV CAI, (2.8 ± 0.8) Â 10 À5 . But while the low-temperature assemblage of this part of the CAI is consistent with having formed during remelting in a chondrule forming region, SHIB 1-3-9 shows no evidence for such low-temperature phases and its D 17 O value of À23.7 ± 1.0‰ suggests that reprocessing occurred in a reservoir that was as enriched in 16 O as the original SHIB formation reservoir. This interpretation is supported by an Acfer 094 CAI, which contains secondary anorthite that likely formed through interaction with the solar nebula gas . The 26 Al/ 27 Al ratio in the anorthite is even lower than the ratio found in 1-3-9, but it is 16 O-rich, which suggests that a 16 O-rich gaseous reservoir existed in the solar nebula for up to $2.3 Ma (based on the 26 Al/ 27 Al ratio of (5.38 ± 0.52) Â 10
À6
; Ushikubo et al., 2011) . Finally, it should be noted that resetting of the 26 Mg system may also account for the potentially supracanonical 26 Al/ 27 Al values that have been inferred from model isochrons for SHIBs in previous studies (Ireland 1990; Liu et al., 2009a Liu et al., , 2012 . If SIMS analyses of SHIBs are true bulk analyses and SHIBs behaved as closed systems, resetting and/or remelting should not affect initial 26 Al/ 27 Al ratios. However, as SIMS analyses only consume a fraction of the CAI as part of it is removed during polishing and sampling depth is limited, they may be susceptible to unrepresentative sampling. Unrepresentative sampling of an internally reset CAI would yield coordinates that fall on the internal isochron, and a regression of such data through normal magnesium could yield both suband supracanonical 26 Al/ 27 Al ratios. This can be illustrated using our data for SHIB 1-3-9 as an example. The most extreme cases for unrepresentative sampling would be analyses that are purely spinel or purely hibonite. Model isochrons constructed for the hibonite and spinel analyses would yield sub-and supracanonical 26 Al/ 27 Al ratios (i.e., $2.8 Â 10 À5 and $6.7 Â 10 À5 ), respectively. In order to account for the scatter in 26 Al/ 27 Al ratios inferred from model isochrons, a considerable number of SHIBs would have to have been reset. Therefore, it can be concluded that the observed range in 26 Al/
27
Al ratios inferred from both previous model and our internal isochrons of SHIBs could be consistent with high temperature processing, e.g., remelting, of refractory precursors that formed with approximately canonical 26 Al/ 27 Al ratios. This interpretation is supported by the uniform oxygen, calcium, and titanium isotopic character of the studied inclusions, which suggests formation in a reservoir that had achieved a similar degree of homogeneity as the CV CAI formation reservoir. Alternatively, if SHIBs recorded the mostly unsampled epoch of 26 Al admixture into the CAI formation region, as suggested by Liu et al. (2012) , the data would suggest a high degree of isotopic homogenization in oxygen and refractory elements while 26 Al was still heterogeneously distributed in the solar nebula.
CONCLUSIONS
We obtained high precision oxygen isotopic analyses in a large number of SHIBs, with a spatial resolution sufficiently high to allow efficient measurement of individual, primary phases. The results show that SHIBs formed with a uniform D 17 O of approximately -23‰. This observation is in contrast to previous studies of similar samples (Liu et al., 2009a) , but in excellent agreement with studies of primitive CAIs from other chondrite groups (Makide et al., 2009; Ushikubo et al., 2011; Bullock et al., 2012) , which suggests formation in similar isotopic reservoir(s) with a uniform distribution of oxygen isotopes.
Regarding calcium and titanium isotopes, we found no resolvable anomalies beyond the 3r level in the five SHIBs analyzed. However, the average d 50 Ti value of these SHIBs hints at a slight enrichment, comparable to CV chondrite CAIs. While the sample set studied for calcium and titanium isotopes is limited, the data may suggest that calcium and titanium anomalies were highly diluted when SHIBs with a D 17 O of approximately À23‰ formed. Internal 26 Mg isochrons for eight SHIBs were established. We found that seven of these are consistent with high, yet possibly slightly subcanonical 26 Al/ 27 Al ratios and show no significant anomalies in magnesium isotopes. The remaining SHIB appears to have formed with a significantly lower 26 Al/ 27 Al ratio ($2.5 Â 10
À5
), confirming variation in 26 Al/ 27 Al ratios inferred from one-point model isochrons in previous studies of similar objects. The slope and intercept of the isochron are consistent with a late reprocessing event of the refractory precursor of this SHIB after significant 26 Al decay, which would imply that high temperature events still affected some CAIs 0.7 Ma after formation of CAIs with canonical ratios. Since the D 17 O value of this SHIB is consistent with other SHIBs, this result would further suggest that an 16 O-rich gaseous reservoir still existed in the nebula $0.7 Ma after canonical CAIs formed.
While we cannot exclude the possibility that subcanonical 26 Al/ 27 Al ratios inferred for SHIBs are a result of early formation during admixture of 26 Al, we see no support for this scenario in our dataset. Since isotopic anomalies are expected to be diluted during progressive admixture of 26 Al, one might expect to see a negative correlation between 26 Al abundance and the magnitude of nucleosynthetic anomalies. In contrast, no clearly resolvable anomalies were found in any of the analyzed SHIBs, including the most 26 Al-depleted SHIB 1-3-9. In addition, formation during 26 Al injection could have resulted in a significant number of SHIBs with supracanonical ratios. While previous studies report supracanonical ratios from SHIB model isochrons, these are primarily inferred from analyses with low 27 Al/ 24 Mg and could be explained by resetting of the 26 Mg system, for example by remelting. Therefore, we tentatively conclude that SHIBs are unlikely to be recorders of 26 Al admixture into the Solar System and that in terms of their isotopic properties, they more closely resemble primitive CAIs from other chondrite groups than the anomalous PLAC-like CAIs.
